Background-Blood transfusion has been recognised as a risk factor for the development of retinopathy of prematurity (ROP) or chronic lung disease (CLD) in preterm infants, but the precise mechanism involved is not understood. Aim-To investigate the level of nontransferrin bound "free" iron, which has the potential to promote the generation of reactive oxygen species, and its redox status in the plasma of preterm infants immediately before and after blood transfusion. Methods-Twenty one preterm infants with a median gestational age and birth weight of 27 weeks and 1021 g respectively were prospectively enrolled in the study. Sixteen of the 21 infants developed ROP and/or CLD. The infants were transfused with concentrated red blood cells at a median age of 32 days. The plasma concentration of total bleomycin detectable iron (BDI) was measured and also the ferrous iron (Fe 2+ ) activity by bleomyciniron complex dependent degradation of DNA. Results-Even before blood transfusion, BDI was detectable in one third of the blood samples, and all but one sample had ferrous iron activity. After transfusion, both BDI and ferrous iron activity were significantly increased, in contrast with the situation in full term infants. Plasma ascorbic acid (AA) concentration was significantly decreased after blood transfusion, whereas the level of its oxidation product, dehydroascorbic acid (DHAA), and the DHAA/AA ratio were significantly increased compared with before the transfusion. The activity of plasma ferroxidase, which converts iron from the ferrous to the ferric state, was appreciably decreased in preterm infants, as expected from their very low plasma caeruloplasmin concentration.
As preterm infants are prone to developing anaemia during the first few months of life because of rapid growth, insuYcient erythropoiesis, and blood sampling for clinical purposes, blood transfusion is often necessary to improve their haemodynamics and respiratory status. Several studies have suggested that blood transfusion is a risk factor for retinopathy of prematurity (ROP) 1-3 and chronic lung disease (CLD), 4 5 but the precise mechanism is not known. It has been reported that the mean lifespan of red blood cells transfused into preterm infants is much shorter than that of those transfused into adults. 6 Therefore transfusion may lead to relative iron overload in preterm infants as the result of the accelerated breakdown of red blood cells.
It has been suggested that free radicals are involved in the pathogenesis of ROP, CLD, necrotising enterocolitis, and intracranial haemorrhage of prematurity. [7] [8] [9] Neonates, especially preterm infants, are thought to be at particular risk of oxidative stress because of incomplete maturation of the antioxidant defences. [10] [11] [12] The presence of non-transferrin bound, bleomycin detectable iron (BDI) has been reported in the cord plasma of preterm infants and even uncomplicated full term infants. 13 Cooke et al 4 showed the gradual increase in serum BDI levels with age in preterm infants with CLD. BDI is a potentially redox active, powerful promoter of the formation of highly reactive oxygen species.
14 For instance, in the presence of redox active iron, ascorbic acid (AA) can act as a pro-oxidant in vitro and contribute to the formation of hydroxyl radicals. 15 The human body is normally very careful to sequestrate plasma iron into the safe transferrin bound form. The bleomycin assay only detects "free" iron and not iron bound to specific iron binding and storage proteins such as transferrin, ferritin, and haemoglobin, or to enzymes such as catalase. 16 17 Thus BDI is never detected in the plasma of healthy adults.
We conducted a prospective study of preterm infants to determine whether plasma BDI is increased after blood transfusion and whether it exists in the hazardous ferrous state, which is an essentially pro-oxidant form of iron. We also examined the redox status of AA, which may be the most important reductant in human plasma capable of reducing plasma BDI to its ferrous state, and plasma ferroxidase activity, which converts ferrous iron to ferric iron which can be incorporated into transferrin. We also performed these same studies in full term infants.
Materials and methods
This study was designed prospectively and the study protocol was approved by the ethics committee of our college hospital.
Investigations were performed after informed consent was obtained from the parents of the subjects.
SUBJECTS
The inclusion criteria for preterm infants were: (a) a gestational age < 32 weeks; (b) absence of congenital heart disease, multiple malformations, or documented chromosomal abnormality; (c) availability of two serial plasma samples obtained just before and after blood transfusion. Between April 1996 and August 2000, 30 infants of gestational age < 32 weeks received a blood transfusion in the neonatal intensive care unit of Osaka Medical College Hospital, and 21 of them fulfilled the above criteria. Table 1 summarises their clinical characteristics. CLD was defined as the requirement for extra oxygen supplementation beyond 28 days of life associated with symptoms of persistent respiratory distress and hazy lung fields on chest radiographs. 18 ROP was classified according to the International Classification of Retinopathy of Prematurity. 19 The arterial oxygen tension was maintained at 60-80 mm Hg, with monitoring by a transcutaneous oxygen monitor. All infants were fed their own mother's milk and our preterm formula containing 1.5 mg/dl iron (50% each). None of the infants received therapeutic iron supplementation.
We also examined the eVects of blood transfusion on iron status in full term infants. Within the study period, six full term infants of > 37 weeks gestation received a blood transfusion at a median age of 29 days (range 14-64; not significantly diVerent from the age at blood transfusion for preterm infants). The median gestational age and birth weight were 39 weeks (range 38-40) and 3073 g (range 2298-3282) respectively. The reasons for blood transfusion were rhesus haemolytic disease in two infants, gastrointestinal bleeding because of vitamin K deficiency in one, intraoperative haemorrhage in two (cystic hygroma and hydrocephalus), and early neonatal anaemia following abruptio placentae in one. In addition, we examined 10 healthy adult male volunteers with a median age of 35 years (range 26-44) as adult controls to obtain values before blood transfusion.
BLOOD TRANSFUSION AND SAMPLE COLLECTION
In preterm infants, the haemoglobin level fell to below 12 g/dl within a few weeks of birth, and subcutaneous injection of recombinant human erythropoietin was started at a median age of 22.5 days after birth (range 3-49) at a daily dose of 200 U/kg twice a week. The indications for blood transfusion were haemoglobin < 8 g/dl, haemoglobin < 10 g/dl with ventilator support, or haemoglobin < 10 g/dl with clinical evidence of cardiorespiratory problems (recurrent apnoea, tachypnoea, or tachycardia) lethargy, feeding diYculties, and/or poor weight gain. The blood used for transfusion was concentrated red blood cells provided by the Nihon Red Cross Society, which were stored at a packed cell volume of about 65% in MAP solution 20 (mannitol, adenine, phosphate, citrate, glucose, and NaCl) and were irradiated with 25 Gy. Each infant received 10 ml/kg replacement red blood cells through a 24 gauge intravenous catheter at an infusion speed of 2 ml/kg/h. A preliminary study showed that the BDI concentration changed after 24 h and the change persisted for up to 72 h after blood transfusion. Therefore all measurements were carried out within 24 h before and 36-48 h after blood transfusion. Heparinised blood samples of volume 1.5 ml were collected and immediately centrifuged (1000 g, 10 min), after which the plasma was 
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BLEOMYCIN ASSAY FOR TOTAL BDI
Total BDI was measured by the method described previously. 16 17 In brief, all reagents were treated with Chelex-100 resin (BioRad, Richmond, California, USA) to remove contaminating iron. To a plastic metal free disposable tube were added calf thymus DNA (1 mg/ml), bleomycin sulfate (1.5 U/ml), MgCl 2 (50 mM), Tris buVer (1 M), and the plasma sample or standard in this order. Then AA solution (7.5 mM) was added to reduce ferric iron chelated by bleomycin to the ferrous state. The mixture was incubated for one hour at 37°C, and the thiobarbituric acid (TBA) test was then carried out. The absorbance of the resulting chromogen at 532 nm was measured spectrophotometrically, and the iron concentration was determined by comparison with a standard calibration curve created using an iron atomic absorption standard. To cancel out the eVects of TBA reactive material other than DNA in the reaction mixture, a control without bleomycin was prepared for each sample. As a high concentration of AA was added to both the sample and standard mixtures to reduce ferric to ferrous iron and also to inhibit the ferroxidase activity of caeruloplasmin, the assay measured the sum of both ferrous and ferric iron.
BLEOMYCIN ASSAY FOR FERROUS IRON
Ferrous iron was measured by a slight modification of the BDI assay described above. 21 The major diVerence was elimination of the reduction step. In addition, sensitive spectrofluorimetry was necessary to measure TBA reactive substances because there was less severe DNA damage. In contrast with the original method for the detection of ferrous iron described by Gutteridge, 21 sodium azide (an inhibitor of ferroxidase) was not added so as to allow the detection of naturally occurring ferrous iron. Because this assay did not use AA or other iron reductants, and DNA degradation by bleomycin has an absolute requirement for ferrous iron, trace amounts of iron contaminating the standard, which may exist as ferric iron because of the pronounced instability of ferrous iron in aerobic solution, were not detectable. Accordingly, this assay could not directly quantify ferrous iron and instead detected "ferrous iron activity". In this report, the "activity" is expressed as millimolar ferrous iron relative to the standard calibration curve. Ferrous iron could not be assayed in two of the 21 transfusions (patients 1 and 4), because insuYcient blood was available.
FERROXIDASE ACTIVITY
Plasma ferroxidase activity was measured as described previously. 22 Because of limited sample volumes, ferroxidase activity could not be measured in patient 8.
OTHER MEASUREMENTS
Plasma transferrin and caeruloplasmin levels were measured by nephelometry, ferritin was measured by radioimmunoassay, and total iron was measured by the nitroso-PAPS method. 22a Plasma AA and DHAA levels were determined as previously described. 23 
STATISTICAL ANALYSIS
Values before and after blood transfusion were compared using the Wilcoxon signed rank test.
Intergroup diVerences between two groups were assessed by the Mann-Whitney U test. DiVerences between three groups before blood transfusion were initially compared using the Kruskal-Wallis test, and, if a significant diVerence was found among the groups, comparison of the various pairs of groups was performed with the Mann-Whitney U test. A p < 0.05 was considered to indicate significance. Data were analysed using SPSS for Macintosh, version 6.1 (SPSS Inc, Chicago, Illinois, USA).
Results
As shown in table 1, the median gestational age and birth weight of the preterm infants were 27 weeks and 1021 g respectively. About three quarters of the infants had at least one of such chronic complications as CLD or ROP. Oral feeding did not progress smoothly in most, and the median age at which milk intake reached 100 ml/kg/day was 19 days. Blood transfusion was carried out at a median age of 32 days, being performed after 1 month of life in 13 of the 21 transfusions. Table 2 shows the non-transferrin bound free iron status. In preterm infants, total BDI was detected in 30% of the samples before blood transfusion, and BDI positive samples increased to 80% after transfusion. The median BDI concentration after transfusion was significantly higher than before. Ferrous iron was detected in all but one (patient 7) measurable sample, even before blood transfusion. Because the blank value in the ferrous iron assay is virtually zero, ferrous iron activity was high compared with the total BDI value. The median ferrous iron activity was also significantly higher after blood transfusion than before. In the full term infants, total BDI was not detected even after blood transfusion, except in one sample (patient 4). Ferrous iron activity was detected in all samples from full term infants, but the median value was only about half of that in preterm infants. In contrast with preterm infants, ferrous iron activity showed no changes after blood transfusion. Table 3 shows the eVects of blood transfusion on the plasma iron status, as estimated from commonly used variables. None of the values diVered significantly after transfusion in both preterm and full term infants. The total iron and transferrin concentrations were significantly lower in preterm and full term infants than in adults, but transferrin saturation was comparable in the three groups. None of the comparisons between preterm and full term infants showed a statistically significant diVerence. Table 4 shows changes in the AA redox status. After blood transfusion in preterm infants, the plasma AA concentration was significantly decreased, whereas the DHAA level and the DHAA/AA ratio were significantly increased compared with before the transfusion. Unlike preterm infants, the AA redox status of full term infants did not change after blood transfusion.
As shown in table 5, the plasma ferroxidase activity in preterm infants was only about one third of that in adults. Full term infants also had a lower ferroxidase activity than adults, but it was over twofold higher than in preterm infants. The caeruloplasmin levels of preterm infants were significantly diVerent from those of full term infants or healthy adults, whereas there were no significant diVerences between full term infants and the adult controls. The AA concentration in preterm and full term infants was higher than that in adults, but the diVerence was not statistically significant. The plasma ratio of AA to caeruloplasmin in the three groups was in inverse order to the ferroxidase activity. The median ratio in preterm infants was fourfold higher than that in adult controls and was also significantly higher than in full term infants. The diVerence in the ratio of AA to caeruloplasmin between full term infants and adult controls was only about half as large, but it was still significant.
In addition, plasma samples obtained from 10 healthy adult volunteers contained neither BDI nor ferrous iron. Neither type of nontransferrin bound iron was detected in the MAP blood used for transfusion (data not shown).
Discussion
The usual explanation for the close association of blood transfusion with ROP is that it involves increased oxygen delivery to the retina because of the relatively low oxygen aYnity of adult haemoglobin compared with fetal haemoglobin. However, this explanation is not consistent with the finding that exchange transfusion is not always related to the development of ROP. 1 Apart from increased oxygen delivery, the role of iron has also attracted attention because preterm infants may suVer from iron overload after blood transfusion. [24] [25] [26] [27] This speculation is supported by the report that serum ferritin increases after transfusion in preterm infants. 28 Accordingly, the possibility that loosely bound free iron may act as a catalyst in the formation of reactive oxygen species has been proposed as a theoretical basis for the association of blood transfusion with ROP.
In this study, we have shown that blood transfusion caused a significant increase in the plasma non-transferrin bound free iron level in preterm infants. We also found that seven of the 21 preterm infants had BDI even before blood transfusion, which is consistent with other reports. 4 13 29 Surprisingly, BDI was detectable despite the existence of reserve iron binding capacity provided by transferrin that was not fully iron saturated. However, this has already been reported in some preterm infants and in asphyxiated term infants. 13 30 31 An in vitro study showed that BDI became detectable in the presence of transferrin with over 80% saturation when iron in the form of ferrous ammonium sulphate was added to plasma from a healthy adult male, 32 but the origin of the BDI is still not known.
We found that BDI was partly in the reduced ferrous form in preterm infants. Ferrous iron is thought to be an essentially pro-oxidant form of iron, and the presence of ferrous iron activity has been reported in cord plasma from preterm and full term babies. 33 Before binding to transferrin, iron must be converted into the ferric state by ferroxidase. The ferroxidase activity in our preterm infants was considerably reduced to about one third of the adult value. In human plasma, the main component of ferroxidase activity is caeruloplasmin, 34 and the plasma concentration of caeruloplasmin in our preterm infants was less than half of that in adults. Furthermore, the ferroxidase activity of caeruloplasmin is known to be inhibited by high levels of AA, which reduces ferric iron to ferrous iron in competition with ferroxidase. 35 An in vitro study showed that the ferroxidase activity of caeruloplasmin began to decline when the AA/caeruloplasmin ratio was about 100-200. 35 In this study, the median molar AA/caeruloplasmin ratio in the preterm infants was 84.7, which was about fourfold higher than in adults. Thus the existence of plasma iron in the reduced ferrous state may be related to a decrease in ferroxidase activity resulting from the net eVect of low caeruloplasmin and high AA levels in preterm infants. The raised plasma DHAA level and the increased DHAA/AA ratio together with the reduced AA concentration after blood transfusion suggested a possible role for AA in the reduction of ferric iron to ferrous iron, although it is also possible that the increase in DHAA may have resulted from the oxidation of AA acting as a sacrificial antioxidant to scavenge free radicals.
In full term infants, unlike preterm infants, BDI was not detected even after blood transfusion. Ferrous iron activity was already present before transfusion, but did not increase after. The ferroxidase activity of full term infants was more than double that in preterm infants, as expected from the fact that full term infants had a higher caeruloplasmin and similar AA level, resulting in a lower AA/caeruloplasmin ratio than preterm infants. However, the ferroxidase activity in full term infants was insuYcient to eliminate ferrous iron activity because of the extremely high sensitivity of the assay compared with that for BDI. To eliminate ferrous iron activity completely, ferroxidase activity should reach the adult level.
So far, it has not been confirmed that non-transferrin bound iron is in fact capable of catalysing the formation of reactive oxygen species in vivo. In this study, most of the preterm infants developed ROP and/or CLD. Although either complication may already have occurred before blood transfusion in our cases, it is still possible that transfusion accelerated the progression of these conditions. Recently, free radicals have gained attention as redox signalling molecules as well as the classical highly reactive villains that indiscriminately destroy biological components. 36 Both ROP and CLD have the common pathological feature of proliferative fibrotic changes, and free radicals are known to play a prominent role in the transduction of proliferative stimuli. 37 Therefore, in addition to the possibility that tissue damage through BDI catalysed free radical reactions may trigger the progression of ROP or CLD, it is also possible that only a slight increase in free iron after blood transfusion promotes redox signalling, which leads to proliferation of these conditions.
In conclusion, we have shown that plasma non-transferrin bound iron is significantly increased after blood transfusion in preterm infants and that some of it exists in the ferrous form, possibly because of a considerable decrease in ferroxidase activity. This finding was specific for preterm infants and was never observed in full term infants. Accordingly, BDI catalysed generation of reactive oxygen species Key messages + Plasma non-transferrin bound iron was significantly increased in preterm infants after blood transfusion and existed partly in the ferrous pro-oxidant form + The increase in plasma non-transferrin bound iron after blood transfusion was not observed in full term infants
